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ABSTRACT OF THESIS

FLAVODOXIN, THE HYDROGEN ATOM OF FLAVOPROTEINS: A 19F NMR
STUDY OF DYNAMICS AND CONFORMATIONAL CHANGES UTILIZING
FLAVODOXIN FROM RHODOPSEUDOMONAS PALUSTRIS
Flavodoxin is a small, highly stable protein that contain a single FMN cofactor used to
transfer single electrons at low potentials. The organism Rhodopseudomonas palustris
contains a long-chain flavodoxin. Long-chain flavodoxins are characterized by a 20 amino
acid loop that is proposed to allow interactions with partner proteins. We plan to utilize
this protein as a model to build our repertoire with protein fluorination and fluorine NMR
in flavoproteins. This tool kit will then be applied to the study of a partner protein of interest
that is capable of performing electron bifurcation. We have incorporated m-fluoro tyrosine
into flavodoxin and carried out 19F NMR studies. We have completed peak assignment via
mutation, observed temperature-based dynamics, observed flavin tyrosine interactions
during flavin reduction, monitored reduction titrations optically, and observed a single
residue in slow exchange which was studied using 2D exchange spectroscopy. All of these
studied have worked to further our understanding of flavodoxin. Our hope is that these
works can be used to further understand of protein conformational changes, dynamics, and
partner protein interactions in bifurcating electron transfer proteins from
Rhodopseudomonas palustris.
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CHAPTER 1. FLAVODOXIN: NMR STUDY OF A MODEL FLAVOPROTEIN
1.1

Introductions
The world's population has grown steadily since the 1950’s from 2.5 billion people

to an estimated 7.7 billion people in 2019, and the UN predicts that the world population
will top 10 billion by the close of the 21 st century.[4] This growth means an increased
demand for land, water, food, and energy. In order to keep up with increased demands for
food and land, land purposed for agriculture must be utilized more efficiently. One way
of increasing crop yields is the use of nitrogen-based fertilizers. The fixation of nitrogen
is an energy intensive process and the production of nitrogen-based fertilizer consumes
roughly 50 per cent of the energy utilized by commercial agriculture.[5] Reducing the
amount of energy consumed by agriculture could have major impacts on world energy
consumption.
Nature has perfected the task of nitrogen fixation by using a method of energy
conservation: electron bifurcation. This energy conservation mechanism was first reported
by Peter Mitchell in 1975. [6] Electron bifurcation is the splitting of an equi-energy
electron pair into low potential (high energy) and high potential (low energy) members.
This process allows for cheap, energetically speaking, starting materials to be utilized to
drive costly, high energy reactions such as the fixation of nitrogen. Study of enzymatic
processes such as electron bifurcation help to further our understanding of how life
manages and conserves energy. Furthering these studies could allow us to utilize cheap,
readily available energy sources to drive energetically demanding processes. This could
in turn, allow us to manage our resources more efficiently and consume less energy while
still providing for our ever-growing population.
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1.2

Flavin Based Electron Bifurcation
Although the process of electron bifurcation was discovered in 1975, the first

reported observation of flavin based bifurcation did not occur until 2007 in Clostridium
kluyveri.[7] Flavin based electron bifurcation relies on flavin adenine dinucleotide (FAD)
cofactors to transfer electrons. A hydride equivalent to an electron pair is donated by
nicotinamide adenine dinucleotide phosphate (NAD(P)H).

One electron is directed

through the high energy (low potential) pathway, and the other, the low energy (high
potential) pathway.[8] The low potential electron is transferred to an electron transport
protein such as ferredoxin (Fd) or flavodoxin (Fld) depending on environmental
availability of iron.[9] The high potential electron is discarded to the quinone pool. This
pathway is detailed in Figure 1.1.
One of the important aspects in understanding how proteins are able to bifurcate
electrons is understanding how they are able to gate the flow of electrons between the two
pathways.

A conformational change has been proposed based on the known

conformations of non-bifurcating canonical electron transfer flavo-proteins (canonical
Etfs)[10] as well as bifurcating ETFs.[11] The bifurcating electron transfer flavo-protein
(Bf-Etfs) consists of two domains that are analogous to those of the canonical Etfs: the
large domain (the 'base') and the small domain (the 'head') as outlined in Figure 1.2.
However, the Bf-Etfs contain a FAD cofactor in both the large and small domain while the
canonical Etfs contain adenosine monophosphate (AMP) in the large domain.[12] It is
theorized that during the bifurcation process, the head domain of the protein rotates relative
to the base domain. This positions the FAD cofactor contained in the head domain close
enough to the bifurcating FAD in the base for electron transfer to occur.

2

Figure 1.1: Electron bifurcation pathway cartoon. Two electrons are donated by
NAD(P)H to the bifurcating flavin in the base domain. The high energy (low potential)
electron is transferred to FldA. The low energy (high potential) electron is moved to
the electron transfer flavin in the head domain before being transferred to FixC and then
off to the quinone pool. The ‘Fix’ notation is remanent of this protein systems
association with the nitrogen fixing protein nitrogenase.
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These two conformation states have been observed using X-ray crystallography. The
open conformation (Figure 1.2B) has been crystalized from Acetobacterium woodii.[3]
While the closed conformation has been crystalized from Acidaminococcus Fermentans
(Figure 1.2A).[1] Unfortunately, Chowdhury et al. concluded that the distance between
the bifurcating flavin in the base and the flavin in the head domain were 18Å apart which
is too far for electron tunneling.[13] Crystal structures show only a snapshot of the protein
and do not reveal the total range of motion or all of the conformational states possible for
a protein. Thus, another strategy is needed to further study the gating mechanism in BfEtfs.

1.3

Nuclear Magnetic Resonance Studies of Bf-Etf from Rhodopseudomonas palustris
Rhodopseudomonas palustris (Rpa) was chosen for study due to its ability to

perform nitrogen fixation. The Bf-Etf in Rpa supplies nitrogenase with the high energy
electrons needed to perform nitrogen fixation.[9] Due to the limitations associated with
crystallography, NMR has been selected as a solution state method for observing domain
movements and conformational changes. There are limitations associated with protein
size in solution state NMR. The RpaBf-Etf is 76.2 kDa in mass, making it a large candidate
for NMR work. As a result, we have decided to use flavodoxin (FldA) from Rpa as a
model to study dynamics and flavin interactions via NMR. We hope to use the knowledge
and techniques gained from studying this small, simpler, well studied protein, to prepare
us for future studies of RpaBf-Etf. The following publication details work done on
RpaFldA.
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A

B

Et-Flavin

Et-Flavin

Bf-Flavin

Bf-Flavin

Figure 1.2: Structure of Bf-Etf from Rpa. The amino acid sequence from Rpa has been
modeled on crystal structures from Acidaminococcus fermentans 4KPU.pdb[1] (panel A)
and Acetobacterium woodi 6FAH.pdb.[3] (panel B) The base domain containing the Bfflavin can be seen outlined by the blue box. The head domain containing the Et-flavin can
be seen outlined in pink box. We propose that during electron bifurcation, a
conformational change occurs that brings the two FAD flavin cofactors (pictured in
orange) sufficiently close enough to transfer the low energy electron.
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CHAPTER 2. FLAVODOXIN: THE HYDROGEN ATOM OF FLAVOPROTEINS1
2.1

Introduction to Flavodoxins
Flavodoxin (Fld) is a small, soluble electron transport protein found in bacteria and

algae.[14] It contains a single noncovalently bound flavin cofactor, flavin mononucleotide
(FMN). This flavin cofactor is reducible and allows the Fld to act as an electron
transporter, often in place of the iron sulfur cluster [2Fe-2S] containing protein ferredoxin
in low iron growing environments.[15] Flavodoxin is an excellent subject for study as its
acidic nature makes is highly soluble and its tight structure consisting of a central fivestranded--sheet surrounded by two -helical layers [15-17] make it extremely stable. In
our experience, Fld has been able to withstand temperatures in excess of 40 ºC for more
than two hours at concentrations above 1mM without precipitation. Additionally, the
flavin cofactor makes this protein easy to monitor by optical methods.[18] Thus, Fld has
served as the 'hydrogen atom of flavoproteins' as a system in which new methodology has
been advanced.
Flavodoxin serves as carrier of single reducing equivalents, consistent with Fld's
ability to accumulate in each of the three possible oxidation states of FMN, depending on
the ambient potential. Reduction of oxidized (OX) Fld is achieved via the FMN cofactor
accepting an electron and a proton to attain the neutral semiquinone (SQ) state at potentials
from -100 to -250 mV and an additional electron can be accepted to achieve the
hydroquinone (HQ) state at lower potentials, from -380 to -520 mV.[19, 20] The common
physiological function of Fld involves cycling between the SQ/HQ states. Fld protein is

Sections 2.4-2.6 & 2.8 were written by Nishya Raseek. Data for section 2.8 was collected by Nishya
Raseek. Sections 2.9-2.14 were extensively revised by A-F Miller. All NMR spectra were collected by
Taylor Varner.1
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able to tune the reduction midpoint potentials (E°s) of the FMN cofactor by stabilizing the
SQ and destabilizing the HQ states.[15] Two aromatic residues, often Tyr or Trp,
sandwich the isoalloxazine ring. The hydrophobic/π stacking effects stabilize the
cofactor.[15] During reduction from the OX state, the SQ state is stabilized by formation
of a new hydrogen bond to a backbone carbonyl.[21] Conversely, the HQ state is then
destabilized by the protein, resulting in a very low E°SQ/HQ values, below that of free
FMN.[15] Flavodoxin utilizes the SQ/HQ couple to shuttle electrons between electron
sources such as photosystem I [22] and partner proteins such as nitrogenase.

In

prokaryotes, this takes place in the cytosol and in eukaryotes, the chloroplasts.[14]
Flavodoxins can be divided into two classes: long-chain and short-chain
flavodoxins.[20, 23, 24] Long-chain Fld are characterized by the presence of a 22-residue
loop that interrupts -strand 5.[25] It is thought that this loop participates in binding to a
partner protein or stabilizes the flavin binding region.[14, 26] However, its exact function
is yet unknown. Long-chain Fld are found in algae and cyanobacteria, whereas short-chain
Fld are found in Gram-positive bacteria.[14] Both long- and short-chain Fld are found in
Gram-negative bacteria. The FldA of Rhodopseudomonas palustris (RpaFldA) is a long
chain Fld (Figure 2.1) with residues 116 through 136 contributing to the 20-residue long
loop (numbered according to RpaFldA). High conservation is seen in the residues at the
end of the long loop including the Gly residue at position 136, which has a conservation
score of 9 according to Consurf analysis of 250 sequences. Additionally, the Tyr at
position 121 and Ser at position 126 have conservation scores of 9. However, other
residues in this region are less than 50% conserved. A recent cryoelectron microscopy
structure of photosystem I complexed with Fld shows that residue 124 in the long loop

7

approaches one of the other components of the complex [22]. Thus, it will valuable to have
solution-state probes of interactions between FldA and other proteins.

8

Figure 2.1: Ribbon diagram of RpaFldA modeled on Ox SelFld (1ofv.pdb) showing the
four labeled Tyrs in RpaFldA [2]. The long loop is outlined in yellow (top left). Figure
courtesy of A-F Miller.
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2.2

19F NMR as an Ideal Probe for Biological Systems
19F

NMR is an exceptionally versatile technique for probing changes in chemical

environment. It has been used to detect protein and nucleic acid conformational changes,
changes in oxidation state, internal protein dynamics, protein-membrane interactions,
ligand binding, and protein folding/misfolding (reviewed by [27, 28]). The most common
method of fluorine incorporation is via the use of non-canonical fluorine-containing
aromatic amino acids; however, aliphatic and sulfur containing amino acids have also been
utilized.[28] Fluorine incorporation tends not to disrupt protein structure, because F has a
van der Waals radius of 1.4 Å, similar to that of hydrogen.[29, 30]

19F-NMR

benefits from

a very low background because fluorine is virtually absent from biological systems.
Nevertheless,

19F

has 100% isotopic abundance and is a spin ½ nucleus with 83% the

strength of 1H NMR.[27, 28, 31] This means that 1-dimentional (1D) 19F NMR spectra
yield strong signals allowing for lower concentration samples. These characteristics make
fluorine an ideal tool for use as a probe in biological molecules.
In addition to its many Goldilocks physical properties, fluorine is also extremely
responsive to perturbations in chemical environment. Fluorine exhibits a chemical shift
range of more than 400 ppm.[27, 32, 33] This responsiveness is due to shielding from its
exposed p-orbital electrons[32] and makes it ideal for studying the consequences of
changes in oxidation state, binding to partner proteins, and internal dynamics.[34]
One of the challenges of studying flavin-containing proteins is the flavin’s high
molar absorptivity and ability to change oxidation state via photo-reduction. Classical
solution-based methods such as small angle Xray scattering (SAXs) or fluorescence
resonance energy transfer (FRET) suffer the complication that the illumination involved
can alter the oxidation state of the flavin. Fluorine NMR eliminates this perturbation.
10

The Fld from R. palustris (RpaFldA)is an ideal model for studying protein
dynamics and changes in response to flavin oxidation state. It contains four Tyrs, able to
report on regions of interest. Two of the Tyrs (Y53 and Y90) flank the flavin on either
side, with tyrosine 90 π staking with the flavin. Such a Tyr is expected to display
broadening of its NMR signals upon reduction of the flavin to its semiquinone state, due
to paramagnetic relaxation enhancement.[35] Tyrosine 121 resides in the long loop
making it an ideal candidate for monitoring dynamics of this region of the protein, and its
possible participation in binding to partner proteins. In R. palustris, FldA is believed to
accept an electron from the bifurcating electron transfer flavoprotein Bf-EtfAB and donate
it to the Fe protein of nitrogenase.[9]

2.3

Methods: Protein Production
Flavodoxin was expressed in the NiCo21(DE3) strain of Escherichia coli (New

England Biolabs Inc.) bearing a pET28b(+) derivative plasmid incorporating the gene for
RpaFldA under T7 control and fused to an N-terminal His6 followed by a thrombin
recognition sequence. The gene for RpaFldA was constructed by Genscript based on the
amino acid sequence RJF68323.1 reflecting R. palustris strain 1076. Low yields of
fluorinated FldA were obtained from traditional M9 minimal medium [36]. 3 L of bacterial
culture yielded 0.25 x 10-6 moles of protein. Therefore a variant of the defined medium
described by Muchmore et al. was used in increase protein yield (Table 2.1).[37] Using
this, 1 L of bacterial culture produced 0.5 x 10-6 moles of FldA. This constitutes a six-fold
increase in protein yield.
Initial overnight growth of a colony of the expression strain was in terrific broth
(TB) medium supplemented with kanamycin at a concentration of 100 µM. Cells from a
11

Table 2.1: List of chemicals for defined media. All chemicals dissolved in 2 L of hot
water.
Adenine
1g
Glutamine
0.8 g
Serine
0.42 g
Cytosine

0.4 g

Glutamic acid

1.3 g

Threonine

0.46 g

Guanosine

1.3 g

Glycine

0.9 g

Tryptophan

0.1 g

Thymine

0.4 g

Histidine

0.2 g

Tyrosine

0.34 g

Uracil

1g

Isoleucine

0.46 g

Valine

0.46 g

Alanine

1g

Leucine

0.48 g

Sodium acetate

6g

Arginine

0.8 g

Lysine HCl

0.84 g

Succinic acid

6g

Asparagine

0.5 g

Methionine

0.5 g

NH4Cl

3g

Aspartic HCl

0.8 g

Phenylalanine

0.26 g

NaOH

3.4 g

Cystine

0.1 g

Proline

0.2 g

K2HPO4

42 g

ZnSO4•7H2O

20 mg

CaCl2•2H2O

20 mg

Thiamine

500 mg

Nicotonic Acid

500 mg

1 M MgSO4

2 mL/L

20%
Glucose

16.6 mL/L

10 mM Fe

10 mL/L
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1 L culture in TB were harvested via centrifugation and then resuspended in a half-strength
version of the defined medium of Muchmore et al. lacking tyrosine but augmented with
tryptophan (0.05 g / L) and kanamycin to a concentration of 100 µM. Cells were grown
for 30 minutes at 37 ºC and 200 rpm shaking in a baffled flask, in order to exhaust
metabolic pools of non fluorinated tyrosine. m-fluoro tyrosine was then added and a
second 30 minute interval allowed to enable 19F-tyrosine to permeate the metabolic pool,
before induction with IPTG at 0.5mM.
Bacteria were harvested via centrifugation and lysed using Bug Buster®
(Millipore) in the presence of 1mM free FMN, 0.5µL Benzonase Nuclease (Millipore HC:
71205-3) and 1 µL rLysozyme (Millipore 71110-4). Purification was done utilizing cobalt
trap® resin (Thermo Fisher) using the batch method in 20mM 1,3-Bis[tris(hydroxymethyl)
methylamino]propane (Bis-Tris propane) pH 7.5 in 300 mM NaCl.

2.4

Methods: Redox Titrations
Reductive titrations were performed on non-fluorinated protein in an inert

atmosphere, monitored using a HP 8452A spectrophotometer (Agilent technologies)
equipped with an OLIS controller, inside a glove box (Belle Technology, Waymouth, UK),
using a 1 cm path length self-masking quartz cuvette at room temperature. 22.8 µM of
FldA was reduced by small aliquots of Ti(III)Citrate ( ℇ340 = 0.73 mM−1 cm−1).[38]

2.5

Calculation of the Reduction Midpoint Potential of the OX/SQ Redox Couple
All midpoint potentials are quoted vs. NHE. Spectro-electrochemical titrations

were monitored optically as above at 25 °C. Xanthine oxidase in combination with
xanthine was used to provide a slow continuous delivery of reducing equivalents. The
13

reaction mixture contained 400 μM xanthine, 10 μM methylviologen (mediator), 28 μM
flavodoxin in working buffer along with 11.7 μM phenosafranin (PS, ℇ520 = 29 mM−1
cm−1) as a reference dye (E° = calculated to be −267.0 mV at pH 7.5 based on the E°' of
-252 mV NHE [39]). The reaction was initiated by addition of 12 nM xanthine oxidase,
and spectra were recorded every 1 min. Eo OX/SQ was calculated by relating the extent
of reduction of FldA to the extent of concurrent reduction of the PS. Conversion of FldA
OX to SQ was quantified based on absorbance changes at 404 nm, the dye isosbestic.
Reduction of the PS was quantified based on absorbance changes at 506 nm, an isosbestic
point of FldA's OX/SQ couple.
Only spectra representing conversion of OX FldA to SQ were considered in this
analysis. The onset of further reduction to FldA HQ co-occurred with reduction of the MV
mediator so appearance of reduced MV• was taken to indicate attainment of potentials
below which FldA SQ would be subject to further reduction. Each spectrum up to that
point in the titration was converted to a difference spectrum by subtracting it from the
initial spectrum, to reveal the extend of conversion of OX (positive) to SQ (negative).
Absorbance at 404 nm (dye isosbestic) was used to find the absorbance change due to
reduction of FldA and thereby to calculate the fraction of OX retained and SQ formed.
[FldAOX]/[FldASQ] at each point in the titration was calculated from these. A506 was used
to calculate the extent to which oxidized dye, DYEOX, was converted to reduced dye,
DYERED. The ratio of oxidized to reduced dye along with that of the FldA were employed
in the Nernst equation,
𝑙𝑜𝑔 (

𝑜
𝑜
[DYE𝑂𝑋 ]
)
𝑛𝐹𝑙𝑑𝐴
𝐹(𝐸𝐷𝑌𝐸
− 𝐸𝐹𝑙𝑑𝐴
)=
𝑙𝑜𝑔 (
) + 𝑛𝐹𝑀𝑁
𝑛𝐷𝑌𝐸
2.303𝑅𝑇
[DYE𝑅𝐸𝐷 ]
[FldA𝑆𝑄 ]

FldA𝑂𝑋 ]

14

where nFldA, nDYE denote the number of electrons acquired by the FldA flavin and the dye
respectively during the reaction under study, and F, R and T are Faraday's constant, the
]

[FldA

ideal gas constant and the temperature, respectively. A plot of 𝑙𝑜𝑔 ( [FldA𝑂𝑋] ) versus
𝑆𝑄

[DYE

]

𝑙𝑜𝑔 ([DYE 𝑂𝑋 ]) was used to determine nFldA from the known value of nDYE = 2. The
𝑅𝐸𝐷

intercept of the plot then permitted calculation of E°FldA which in this case was the E°OX/SQ
of FldA.

2.6

Determination of the E°SQ/HQ of FldA
Reduction of FldA SQ occurred at a considerably lower potential, concurrent with

reduction of MV (E° = −440 mV at pH 7.5).[40] The xanthine/xanthine oxidase system
potential (near -345 mV)[41] was not low enough to reduce the FldA SQ. Therefore,
Ti(III)citrate was used as the reductant (E°' near -700 mV [42]). The reaction mixture
contained 40 µM FldA and 20 µM of MV, and was first reduced with addition of
Ti(III)citrate amounting to 30 µM (10 µM change per addition x 3) to reduce FldA OX,
and then reduced more gradually with aliquots each increasing added Ti(III) citrate by 4
µM, until full reduction of MV was observed based on its absorption maximum at 396 nm
(ℇ396 = 41.1 mM−1 cm−1).[43]
A732 and A394 were used to calculate the extent to which the dye, was present as its
SQ (MV•, the reduced state of the couple in effect) in each spectrum. The contribution of
MV• was subtracted from each spectrum to yield spectra attributable to FldA SQ and HQ
alone. In these, absorbance at 580 nm was used to quantify SQ remaining and thereby to
calculate [FldASQ]/[FldAHQ] at each point in the titration. The ratio of oxidized dye (MVTot
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minus MV•) to reduced dye (MV•) along with the analogous ratio for FldA were employed
in the Nernst equation, as described above, to obtain nFldA and E°SQ/HQ.

2.7

NMR
NMR samples were buffered with 20mM Bis-Tris propane pH 7.5, 200mM KCl

and 10-12% D2O unless otherwise stated. Samples requiring anaerobic conditions were
prepared under nitrogen in a Belle box.
19F

NMR spectra were collected at 376 MHz using a Varian Unity/Inova 400MHz

spectrometer at room temperature of 24 °C unless otherwise noted. T1 values were
measured for FldA, the longest of which was 630 ms.(Table 2.2) 10.3 ppm-wide spectra
were collected with a 45° excitation pulse, 271ms acquisition times and 800 ms recovery
delays between transients. Spectra were processed using backward linear prediction over
the first 3 complex points and apodization using a 26 ms Gaussian, implemented in VnmrJ.
Linewidths were determined via measurements of the peak half-widths at half height,
wherein the side of the peak not subject to overlap could be used as a basis for the
calculation.
The 2D EXSY spectrum was collected using a 400 ms mixing time, an acquisition
time of 0.267 s, 3.1 s recovery delays between transients and spectral widths of 3896 Hz
in both dimensions. 320 transients were averaged per scan. A 26 ms Gaussian window
function was applied prior to four-fold zerofilling and Fourier transformation of the
directly-detected dimension. 96 complex points were collected in the indirect dimension,
doubled by linear prediction, subjected to a 24 ms Gaussian window function and zero
filled to 512 complex points prior to Fourier transformation.
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Table 2.2: List of chemical shifts, peak area, assignments, and T1 values for 19F FldA
Chemical Shift (ppm) Assignment
Relative Area
T1 (seconds)
-54.64
Y53
1.03
0.488
-57.81
Y90 a
0.49
0.6348
-58.19
Y102
0.94
0.4347
-59.37
Y121
1.02
0.3171
-59.82
Y90 b
0.60
0.533

17

Structural models were obtained using Swiss-Model[44, 45] based on each of the
two crystal structures with the highest homology to the RpaFldA amino acid sequence:
1OFV.pdb ([2] Fld from Synechococcus elongatus, previously called Anacystis nidulans)
and 1YOB.pdb Fld from Azotobacter vinelandii [20]. Both have sequence identify with
RpaFldA of 44% and similarity of more than 57% over more than 95% of their sequences.
The two resulting models were equivalent, the one based on S. elongatus is referred to
(Figure 2.1).

2.8

Results: Reduction Midpoint Potentials
Stepwise reduction of RpaFldA at pH 7.5 revealed formation of the neutral (blue)

SQ state, based on the strong absorbance between 550 and 650 nm (Figure 2.2). Coreduction with PS at pH 7.5 yielded a linear log/log plot of slope 0.5 as expected for a oneelectron reduction of FldA vs. a two-electron reduction of PS (Figure 2.2A, inset). The
intercept of the line yielded E°OX/SQ = -258 mV ± 8 mV (2 independent determinations) at
pH 7.5. Upon accounting for uptake of one proton per electron, we obtain E°'= -228 mV,
which is similar to the E°' of -221 mV obtained for SelFld [40] and well within the -170 to
-250 mV range of most long-chain Flds. E°'OX/SQ of short-chain Flds tend to be higher [20].
Co-reduction of RpaFldA SQ and MV yielded a log/log plot with a slope of 1.002,
matching the ideal value of 1.0 (Figure 2.2B, inset). The intercept yielded E°SQ/HQ = - 434
mV ± 1 mV at pH 7.5 (2 independent determinations). Because no proton uptake is
involved in forming anionic HQ from neutral SQ, this value is also the E°', which compares
extremely well with the value of -442 mV obtained for the Fld of S. elongatus (SelFld [40])
and falls within the -415 to -465 mV range of most long-chain Flds [40].
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Figure 2.2: Reductive generation (A) and then consumption (B) of the SQ state of
RpaFldA, and associated E° determinations. Titrations were performed at pH 7.5 and 25
°C as described in the methods. The spectra shown were obtained without dyes present,
to facilitate characterization of the states involved and the isosbestics and absorption
maxima. The titration in panel A was carried out using a xanthine/xanthine oxidase
system while the titration in panel B was carried out using Ti(III)citrate. Insets show the
log([FldAoxidized]/[FldAreduced]) associated with each transition vs.
log([Dyeoxidized]/[Dyereduced]). In panel A the two states of RpaFldA are OX and SQ, and
the best linear fit to the log/log data is y=0.50x -0.26. The reference dye was PS with an
E° of -267 mV. In panel B the two states of RpaFldA are SQ and HQ, and the best linear
fit to the log/log data is y=1.00x -0.081. The reference dye was MV with an E° of -440
mV. Data collected and figure produced by Nishya Raseek.
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2.9

Results: 5 Resonances for 4 Tyrosines
1D NMR spectra of RpaFldA produced based on m-fluoro-tyrosine (19F-Tyr) -

containing medium revealed discrete

19 F

NMR signals in the expected spectral region,

confirming incorporation of this amino acid.[46] Such protein is therefore referred to as
19F-FldA

in what follows. The resonances were adequately dispersed, demonstrating that

each of the

19F-Tyr

residues has a chemical environment that is distinct enough to be

distinguished from the others by 19F NMR. All of the peaks are broad in comparison to
19

F signals from free 19F-Tyr, as expected due to RpaFldA's 17.7 kDa size. However, the

spectrum displays five resonances despite RpaFldA's possession of only four tyrosine
residues.

The peak intensity ratios of approximately 1.0 : 0.5 : 0.9 : 1.0 : 0.6 (Figure 2.3)
suggested that the peaks with areas of 0.5 and 0.6 at -57.8 and -59.8 ppm, respectively,
might reflect alternative conformations affecting one of the

19F-Tyr

side chains. The

crystal structure of Bacillus cereus Fld revealed co-population of two conformations of the
backbone loop that hydrogen bonds (H-bonds) to flavin, at a residue adjacent to one of our
Tyr residues, providing one possible explanation.[47] However the fact that the two
smaller peaks were almost equal in size suggested that they might reflect the two positions
possible for

19F

for a single rotamer of the

19F-Tyr

timescale of the chemical shift difference.
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side that is not able to rotate on the

Figure 2.3: 19F 1D NMR spectra of 19F-RpaFldA. 1 mM RpaFldA, 20mM Bis-Tris
propane, 200 mM KCl, pH 7.5. Deconvoluted peaks had relative areas of 1.03 : 0.49 :
0.94 : 1.02 : 0.60 (left to right). Chemical shifts referenced to TFA.
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We tested whether the larger number of resonances than residues could reflect
immobilization of a 19F-Tyr side chain on the chemical shift time scale. Because each 19FTyr side chain carries a single 19F, that atom can be on one or the other side of the ring, if
ring rotation is hindered due to packing interactions in the protein. This in turn can result
in two different chemical shifts if the two possible

19F

positions expose it to distinct

environments. In contrast, rings that rotate rapidly expose their

19 F

probe to a single

average environment.[48] Given the 2 ppm separation between the two half-strength
peaks, an exchange rate lower than 2π*2*376 Hz = 4.7 x 103 s-1 is required.[49] However
if the postulated exchange rate is greater than 1/τ where τ is the duration of a mixing time,
then exchange between environments can occur within the mixing time and be manifested
by cross-peaks in a 2D Exchange Spectroscopy (EXSY) NMR experiment.[50] Figure 2.4
shows that this is indeed the case for 19F-RpaFldA at room temperature.

2.10 Results: EXchange SpectroscopY
The EXSY spectrum of

19 F-RpaFldA

displayed a pair of symmetry-related cross

peaks revealing chemical exchange between resonances at -57.8 and -59.8 ppm. The
possibility that the cross-peaks represented an nOe between two different 19F atoms is less
likely because the two peaks connected were precisely those with half-intensity each. If
the cross-peaks represent chemical exchange, the latter would need to occur with a rate
greater than 2.5 s-1, which is compatible with the upper limit implied by the peak
separation.
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Figure 2.4: 2D EXSY of 19F-Tyr RpaFldA. 1 mM RpaFldA was used along with a 400
ms mixing time. Details are in the methods section.
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2.11 Results: Assignment of the Resonances
A second test of the chemical exchange interpretation was conducted by sitedirected mutagenesis of the RpaFldA gene. We hypothesized that if a single 19F-Tyr was
responsible for both half-strength resonances, then both should be absent from a variant in
which that one Tyr was converted to another amino acid. Each of the four Tyrs was
replaced in turn, to test all possible identities for the residue in question, and also to obtain
site-specific assignments of the NMR signals.
We generated the Y53W, Y90W, Y102H, and Y121F variant for RpaFldA, basing
our choice of replacement amino acid on identities observed at the same position in
homologous Flds. The Y53W variant proved to have low solubility and accumulated in
the pellet obtained after rupturing cells and centrifugation. As a result, data from this
variant are not reported. The Y90W variant had the greatest stability with the highest
yield, and also displayed a darker, more orange color than is normally observed from FMN.
Figure 2.5 shows a comparison of the absorbances of all three mutants along with the WT
protein. The absorbance of the Y90 mutant has a slight blue shift resulting in a red shift in
the observed color of the sample. Figure 2.6 shows that the resonances at -57.8 and -59.8
are both attributable to Y90 (Tyr90) because both are absent from the Y90W variant but
not affected in any other. This confirms that these two signals represent alternate
conformations affecting Y90. By process of elimination, the prominent down-field
resonance at -54.6 ppm can be assigned to residue Y53.
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Figure 2.5: Comparison of the optical spectra of mutant flavodoxins, all scaled to a
maximum amplitude of 1.0 after baseline correction using absorbance between 800 and
820 nm. A two-point (4 nm) smoothing was applied to the spectra of the mutants, which
were not concentrated. Figure courtesy of A-F Miller.
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Figure 2.6: 1D NMR spectra of fluorinated WT 0.5mM FLD 20mM Bis-Tris propane,
200mM KCl, pH 7.5, Y90W 0.18mM FldA, Y102H 0.14mM FLD, 0.12mM FldA. All
three mutants were in 20mM Bis-Tris, 300mM NaCl, pH 7.5. Y102H & Y121F contain
1mM free FMN to eliminate apoprotein.
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2.12 Results: Sensitivity to Flavin Oxidation State
The assignment to Y90 of the two resonances in chemical exchange is particularly
interesting as this side chain is predicted by modelling to be adjacent to and stacked against
the flavin isoalloxazine ring. To test this prediction, we chemically reduced the protein to
populate its SQ state. Because this would produce a free radical centered on the flavin, we
expected broadening and even obliteration of the resonances of 19F atoms nearby. On this
basis, the above resonance assignment is supported by data shown in Figure 2.7.
Figure 2.7 shows NMR spectra of OX and partially SQ

19

F-RpaFldA.

The

resonance attributed to Y90 at –57.8 ppm disappeared but the companion resonance at 59.8 was not changed in amplitude, arguing that the loss of the former peak is not due to a
conformational shift favoring the latter.[47] An alternative possibility is that conformation
producing the resonance at -57.8 ppm corresponds to placement of 19F so close to the flavin
that it is fully relaxed on the timescale of the measurement. With that hypothesis in mind,
it is interesting that we did not observe much broadening of the companion peak at -59.8
ppm. This confirms that the chemical exchange in effect must occur less rapidly than the
relaxation. It is interesting that the loss of one resonance was essentially complete, despite
the incomplete formation of SQ.
The peak at -54.6 ppm also experienced broadening due to partial reduction as well
as a shift. This can also be understood in terms of Y53’s proximity to the flavin (Figure
2.1). Residues Y102 and Y121 are further away from the flavin based on our model.
Although RpaFldA is only 17.7 kDa, the distance between these peaks and the flavin
radical seem to be sufficient to limit paramagnetic line broadening to a contribution that is
small compared to the natural line width. In this connection, we note that paramagnetic
relaxation enhancement drops off as the inverse sixth power of the distance, so a 12%
27

increase in distance from the flavin would halve the paramagnetic contribution to line
width.[51, 52]
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Figure 2.7: 19F 1D of oxidized and partially reduced 19-F-RpaFldA. 1 mM OX 19FRpaFldA (yellow) is compared with 0.25 mM 19F-RpaFldA that had been partially
reduced using Ti(III) citrate, in a glove box. Full formation of the SQ was not achieved
without precipitation; the spectrum shown represents a sample that had become green in
color indicating substantial SQ formation.
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2.13 Results: Evidence for Internal Dynamics
Since the EXSY result and the effect of replacing Y90 together supported two
conformations as the origin of the peaks at -57.8 and -59.8 ppm, we tested the hypothesis
that this residue is in slow conformational exchange, by varying the temperature with the
expectation that the two resonances would converge and broaden at higher temperatures,
in contrast with resonances with linewidths determined by overall molecular tumbling,
which should become more narrow. The data in Figure 2.8 bear out these predictions, as
the resonances at -54.6, -58.2 and -59.4 ppm (at 25 °C) are seen to sharpen as the
temperature was raised.
The two resonances we assigned to Y90 behaved similarly over the temperature
range, broadening and approaching one another as the temperature was raised (Figure 2.9).
They appear to have coalesced at 55 °C. Estimating the coalescence temperature to be 50
°C and the low-temperature limit of the peak separation to be 2.26 ppm * 376 MHz * 2π
= 5.34 kHz, we estimate a chemical exchange rate of 𝑘𝑒𝑥 = (𝜔𝐴 − 𝜔𝐵 )/2√2 = 1.89 x 103
s-1 applicable at 50 °C.[49] Even given considerable slowing at 25 °C, this allows for the
cross peaks observed in the EXSY to be attributed to chemical exchange.
At 5 °C the resonance of Y102 (-58.2 at 25 °C) appears to be broader than the other
resonances, suggesting that this residue also senses more than one conformation, but with
a lower coalescence temperature than Y90. Meanwhile, the resonance at -59.4 (Y121)
appears to sharpen again at the lowest temperature suggesting a coalescence temperature
near 25 °C. Thus, three Tyrs display signatures of dynamics, but without knowing the
separation between the related resonances at the slow-motion limit, it is not possible to
estimate the rates that apply. Thus, they could all be reflections of the same event, or
different ones.
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Figure 2.8: Temperature Dependence of the 19F 1D NMR of 0.5 mM RpaFldA in 20
mM Bis-Tris propane, 200 mM KCl, pH 7.5.
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Figure 2.9 : Plots of chemical shift (top) and line widths (below) as functions of
temperature. The color-code used conforms to the coloring in Figure 2.1. Figure courtesy
of A-F Miller.
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2.14 Discussion
Protein conformation change coupled to flavin reduction was demonstrated more
than four decades ago.[17] Several different Flds have been shown to adopt a different
backbone conformation near the flavin N5 upon flavin reduction.[53] While the so-called
'50s loop' donates an H bond to N5 from a backbone amide NH when the flavin is oxidized,
the backbone flips and the preceding residue's carbonyl O accepts an H-bond from the
N5H of neutral flavin SQ, thereby stabilizing the SQ state and raising the associated
E°OX/SQ.[40, 54, 55]
Many of the Flds studied possess a Gly at the latter position. The Fld of S. elongatus
has an Asn there, but replacement of Asn58 by Gly raises the E°OX/SQ consistent with a
diminished cost of re-orienting the backbone (SelFld numbering) [40].

RpaFldA's

analogous position is G54 so Y53 is positioned to report on this. The E°'OX/SQ of N58G
SelFld is -175 mV [40] which corresponds to -205 mV at pH 7.5, not much higher than
our value of -228 mV for RpaFldA. The value measured for AviFld at pH 7.5 is also higher
than ours at -187 mV [56] although it resembles RpaFldA in possessing a Gly at position
54 (RpaFldA numbering), thus as-yet unexplored distinctions between RpaFldA and its
nearest homologues appear to modulate the E°OX/SQ.
The ESQ/HQs of long-chain Flds range between -370 and -520 mV, very low for a
flavin [20, 40]. This has been attributed to formation of anionic HQ in the presence of
anionic amino acid side chains, in the Fld of Desulfovibrio vulgaris [57-59] Clostridium
beijerinckii,[53] Anabaena [60, 61] and Megasphaera elsdenii [57, 62]. The anionic
residues which are held responsible in SelFld [58, 59] are conserved in RpaFldA as well.
RpaFldA's E°'SQ/HQ of -434 mV is close to that of SelFld (E°'SQ/HQ = -442 mV [40]) but
significantly higher than that of similarly closely related A. vinelandii Fld (AviFld, E°SQ/HQ
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at pH 7.5 of -483 mV [56], which also retains the two Asp residues in question). It has
been pointed out that hydrophobic π stacked residues flanking the flavin would tend to
maintain a low dielectric around it and thus destabilize the anionic HQ (lowering
E°SQ/HQ).[61] RpaFldA possesses a Tyr (Y53 in RpaFldA numbering) where SelFld
possesses a Trp and AviFld has a Leu. On the other face of the flavin, all three have Tyr
(Y90 in RpaFldA). Overall, the E°s of RpaFldA are consistent with those of related
proteins, given the differences between them.
The combination of resonance areas, effects of residue substitution and the EXSY
spectrum unequivocally demonstrate that RpaFldA populates at least two distinct
conformations affecting Y90. The simplest interpretation is that the two resonances of Y90
reflect the two possible orientations of the Tyr ring since they would place the 19F atom in
different places. In this interpretation, the slow exchange-limit sharpening observed at the
lower temperatures indicates hindered rotation of the Tyr ring. This in conjunction with
the ring's predicted location very near the flavin suggests a favorable interaction between
the two that favors coplanar orientation and thereby presents a barrier to ring rotation.
Indeed, when Trp replaces this residue, the optical signature of the flavin is changed,
suggesting charge transfer from the Trp side chain, also consistent with pi stacking with
the flavin. In order to explain why one of Y90s two resonances is much more sensitive to
paramagnetism of flavin SQ, we need to propose that Y90 is staggered with the flavin
placing one side of the Tyr ring further from the flavin than the other.
The 50s loop reorientation associated with flavin reduction[54, 55] may factor into
the chemical shift change observed for Y53 upon partial reduction. This conformational
change does not appear to account for the various temperature-dependent dynamics, as
Y53's resonance did not display any signature of chemical exchange (Figure 2.9).
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In contrast, Y102, Y121 and Y90 all display signatures of intermediate dynamics
at roughly 5, 15 and 50 °C. Based on the structural model, all three can be argued to have
connections with the long loop proposed to play a role in binding partner proteins.[26] If
we postulate that all three are responsive to a single event characterized by a single rate
constant, the lower coalescence temperature for Y102 indicates that the two participating
resonances are less far apart in chemical shift, those of Y121 are more separated but still
by less than those of Y90.[49]
Y90's resonance could be extra sensitive to position relative to the flavin ring
system due to ring current effects from the flavin. The loop that subtends Y90 also abuts
the long loop, and therefore could be displaced in concert with long loop motions. Y121
is part of the long loop and therefore very likely to report on its dynamics. Meanwhile the
solvent accessibility of Y102's phenoxyl is determined by the position of the long loop,
and the phenoxyl of Y102 may even H-bond with the loop backbone. Thus, the structural
model is able to rationalize our observations, but further work is needed, and we retain the
view that the two resonances of Y90 are most simply explained by two orientations of the
ring.
Despite RpaFldA's having only four Tyrs, the rich information content in the

19 F

NMR spectrum of 19F-RpaFldA promises to be useful for studying interactions with the
EtfAB partner protein in electron bifurcation. The fact that a signal from Y90 could be
observed, even in the presence of flavin SQ suggests that we will similarly be able to see
residues close to the stable SQ state of the electron transferring flavin in the ETF. Having
assigned the signals of each of the Tyrs we are now in a position to determine what regions
of RpaFldA are most responsive to association with EtfAB and therefore may participate
in binding to it. Specifically, we will test the hypothesis that the long loop will be affected.
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CHAPTER 3. CONCLUSIONS AND FUTURE WORK
Flavodoxin is an ideal candidate for study by NMR. Its small size and stable nature
make a simple, durable subject perfect for withstanding high concentrations (1 mM and
higher) for long periods at room temperature and above (up to 55 ºC). Additionally, its
FMN cofactor, apparent internal dynamics (in spite of its small size), and association with
a Bf-Etf make it quite an interesting subject for study as well. Further study of FldA will
help us to understand the conformational changes and internal dynamics associated with
electron transfer in the Bf-Etf protein.

A better understanding of these processes will

allow us to harness this natural energy conservation mechanism and allow us to make use
of cheap fuels to drive energy intensive processes and reduce agricultural energy usage.
As with any project, there is always more work to be done. On the FldA front,
further attempts at collecting an NMR spectrum of fully SQ and then subsequently an HQ
spectrum are needed. Despite this protein’s stable nature, it has a propensity to precipitate
while being reduced at concentrations above 0.2 mM.

This is problematic as

concentrations below 0.2 mM require an excess number of scans with the limiting factor
becoming spectrometer time. Another point of interest with this protein involves the
Y90W mutant. This variant presented with a darker color and altered flavin absorbance.
We predict that this is due to a charge transfer band created by π stacking between the
flavin and the Trp residue. This has not been confirmed however, and fluorescence
measurements are necessary to delve further into this observation. The final experiment
left to try with FldA is further exploration of the long chain. Sancho et al. state that while
the exact function of the long loop is unknown, one possibility is binding to partner
proteins. We have proposed to test this via inclusion of partner proteins. Reduced EtfAB
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protein could be combined with OX Fld in NMR. If reduction of the Bf-Etf causes binding
of the FldA, and the long loop region of the protein is critical for this process, then
perturbations of the Y121 residue would be expected due to its inclusion in this region of
the protein. Additionally, since an absence of the peak near -57.8 ppm is observed, it
would be possible to tell if electrons from the reduced Etf were being transferred to the
Fld.
Future work with the EtfAB protein is already under way. 5-fluoro tryptophan has
been chosen for these studies instead of m-fluoro tyrosine to simplify the spectra due to
EtfAB containing 13 Tyr residues but only 4 Trp residues. Fluorination of this protein has
not proven to be as simple as Fld. EtfAB is not stable for long periods at concentrations
high enough for NMR study. Thus, the spectra collected so far suffer from low signal to
noise as the protein is actively precipitating during the run. Spectra of both OX and
partially reduced EtfAB have been collected so far with the addition of partially reduced
spectra for a C174A mutant. (Figure 3.1) Fluorination and purification of these proteins
was carried out by Dr. Diessel Duan. Further screening of buffer conditions is needed to
extend longevity of this protein under NMR conditions. Perturbation of the Trp peaks has
already been observed during partial reduction of the EtfAB protein. However, mutations
of these Trp residues is needed in order to assign resonances. Furthermore, identification
of these residues could aid in determination of the FldA binding site. Fluorination of both
of these proteins simultaneously could allow us to observe their binding interaction under
differing reduction conditions.
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Figure 3.1: Perturbation in 19F NMR resonance due to partial reduction in EtfAB.
Movement is observed for peak number three (left to right) under reduction conditions.
The protein was reduced with NADH and presented with a visible difference in color that
we associate with the reduction of this protein. Precipitation occurred during the run of
these proteins, especially the partially reduced samples. This unstructured amino acid
sequence gives rise to the additional peak near -50 ppm. This has been referenced with
free 5-fluoro tryptophan in buffer displayed in black at the bottom of the stack.
Figure provided by A-F Miller. Protein produced by Diessel Duan.
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Through further study of both of these proteins we hope to gain information about
how they interact with one another and how conformational changes might be utilized in
the process of electron bifurcation. A better understanding of these processes will allow
us to understand how life is able to turn cheap abundant fuel into fuel necessary to carry
out some of nature’s most demanding chemical processes. The hope being that man can
imitate nature’s energy conservation mechanisms to increase efficiency and solve our own
energy consumption problems to provide for an ever-growing world.
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